Introduction
Since 2000, the WFD -Water Framework Directive (European Parliament, 2000) -obliges Member
States to implement tools to assess the ecological status of water bodies. This common goal requires assessment of the ecological status of water resources through the development of biological indices and not simple chemical analyses. The WFD requires that the ecological status of lakes be judged by the use of four major biological elements including the phytoplankton community. In this context, phytoplankton-based indices must be developed, taking into account biomass, abundance, species composition of communities, frequency and intensity of blooms (European Parliament, 2000) .
At the European level several national methods have already been proposed: the German Phyto Lake Index (PSI) (Mischke et al., 2008) , the Brettum index in Austria (Brettum, 1989; Dokulil et al., 2005; Wolfram et al., 2011) , the Phytoplankton Trophic index (PTI) in UK . All these methods are based on similar standardized sampling protocols and use 3 to 6 surveys per year, during the phytoplankton growing period, to assess the ecological status of lakes.
The trophic level is determined by the nutrient load reached in a lake. Thus it is complex to evaluate as it depends on many parameters including phosphorus as the main trigger and also nitrogen (OECD, (1982) . Some authors (Fabbro et al. (2000) , Salmaso (2003) and Coste et al. (2009)) derived a trophic index from the axes of a Principal Component Analysis (PCA) based on a group of paramaters representative of this gradient. Others (Ptacnik et al., 2009) use total phosphorus as an indicator of the gradient, as it was decided by the European intercalibration expert groups (GIG) dedicated to lake ecological status assessment (European Commission, 2011) . Hence, most of the indices developed for lake assessment in respect to WFD requirements, evaluate the trophic status of water bodies using the total phosphorus as a proxy (de Hoyos et al., 2014; Phillips et al., 2014; Wolfram et al., 2014) .
None of the phytoplankton-based European indices cited above are adapted to the high diversity of French lakes (highly variable climate, relief, anthropogenic impact, and artificial or natural type). That is why in 2007 the development of a multimetric phytoplankton index applicable to all French lakes was initiated. The index had to be compliant with the WFD requirements. It must be based on the taxonomic composition of phytoplankton and must highlight eutrophication through total phosphorus contents, in order to be comparable with other European indices. Although a Author-produced version of the article published in Ecological Indicators, 2016, 69, 686-698 . The original publication is available at http://www.sciencedirect.com/ doi : 10.1016/j.ecolind.2016.05.025 ©. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ phytoplankton index (I PL ), developed in 1990 and revised in 2003 (Barbe et al., 2003a; Barbe et al., 2003b; Barbe et al., 1990 ) already existed, this old index was neither WFD compliant nor multimetric.
Thus substantial improvements had to be done to obtain a new index.
The aim of the study is to present the different steps in the development of the IPLAC ("Indice Phytoplancton Lacustre"), a new phytoplankton index dedicated to assess the ecological status of lakes and reservoirs of the whole French metropolitan hydrosystem (not applicable to overseas water bodies). Based on a large database, the index was designed in two complementary metrics based on phytoplankton biomass and taxonomic composition, using calibration and validation datasets. The ability of IPLAC to reveal different pressure gradients is also discussed, with recommendations for managers who should be routinely using this index.
2.
Materials and methods
Sampling methods and acquisition of environmental data
In order to develop the phytoplankton index, the first step consisted in creating a large lake database should be separated by one month, at minimum, in order to be clearly different and thus representing the growing season. The sampling must be performed at one point in the deepest part of the lake and the sample must integrate the whole euphotic zone. Taxa are determined at the species level with an inverted microscope and results are expressed in biovolume using standard cell values defined in the software Phytobs (Hadoux et al., 2015) or when the standard cell values are missing directly from calculation onto the sample. The counting process followed European Standard NF15204 (2006) as specified by Laplace-Treyture et al. (2009) . Water chemistry samples were also collected from the euphotic zone at the same time. Total phosphorus (TP) and chlorophyll were analyzed by the standard methods NF EN ISO 6878 (2004) and NF-T 90-117 (1999) respectively.
Environmental data such as Secchi depth were measured during each phytoplankton campaign. The physical characteristics of the lakes (Table 2) were provided by water agencies from GIS and bathymetric studies. The land use and watershed areas were calculated from Corine Land Cover database (European Union, 2006) . The first classification level of Corine Land Cover was used to determine 5 classes of land use: agricultural, intensive agricultural, forest, artificial, wet area.
Population density was also added using Corine Land Cover 2000 (European Union, 2000) .
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Datasets
The database includes 290 sites (Figure 1 ), including 28 reference sites, which are defined following a specific approach with emphasis on land use (Corine Land Cover). Such reference sites are considered to be slightly or not impacted by human pressure (European Parliament, 2000) . The criteria selected are detailed in Ministère de l'Écologie et du Développement Durable (2004) . The watershed should have more than 90% of natural land cover (forest, wet area) and intensive agricultural should be absent. No urban or industrial discharges are permitted.
The surveys used for the index development were conducted at each season with 3 during the growing period (May-October). Phytoplankton samples with less than 5 taxa determined were omitted, the samples being considered as incomplete and not representative of the whole phytoplankton community. We called a "lake-year" a year of survey (at least 3 campaigns) for a specific lake. Author-produced version of the article published in Ecological Indicators, 2016, 69, 686-698 . The original publication is available at http://www.sciencedirect.com/ doi : 10.1016/j.ecolind.2016.05.025 ©. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ The dataset includes 427 lake-years, from 290 distinct lakes, sampled between 2005 and 2012 (Table   1 ) and was divided into two sub-datasets. It was decided to keep 60% of the dataset for the calibration sub-dataset, which include the reference dataset, and 40% for the validation sub-dataset.
This repartition was done to obtain two robust sub-datasets, with a larger one for calibration, which are representative of the whole territory studied and are covering similar characteristic ranges. So, the calibration dataset, composed of 254 lake-years from 214 distinct lakes, was used to define the ecological profile of the taxa and index parameters. The reference dataset, totally included in the calibration dataset, was composed of 47 lake-years sampled on reference lakes and was used to define the reference model and fix boundaries of ecological quality classes. Finally, the validation dataset was composed of 173 lake-years and was used to confirm the response of the index to the trophic gradient and anthropogenic pressure.
Even if, regional based indices respond probably better than large scale based indices (Marchetto et al., 2009) , no other sub-division of the dataset, for example by ecoregion, was made for the development of the index. Due to the high typological diversity of French lakes (depth, altitude and biogeography) it appeared difficult to distinguish homogeneous cluster with a reasonable statistical size. Thereby it was developed continuous model including typological parameters at national level on the whole French metropolitan territory. This method also has the advantage of being less subject to the threshold effect present in discrete models.
2.3
Statistic analysis
All statistical analyses were carried out using R (R Development Core Team, 2014) . In order to be comparable, all environmental and chemical data were log transformed except land use classes on which an angular transformation (arcsine (√x)) was applied (Legendre and Legendre, 1998).
Development of the Algal Biomass Metric
The algal biomass metric, MBA ("Métrique de Biomasse Algale"), was developed in the first step of the process (De Bortoli and Argillier, 2008; De Bortoli et al., 2007) . It was based on total biomass evaluated by average chlorophyll-a concentration, which is a good rating of the total phytoplankton biomass available in the water body Poikāne et al., 2010 (Poikane et al., 2011) . See Appendix A for the detailed formulae.
Development of the Specific Composition Metric
The specific composition metric, MCS ("Métrique de Composition Spécifique"), qualifies the trophic level of a lake from the phytoplankton communities determined during the different annual surveys.
In the whole dataset, 1,417 different taxa were recorded and used for the metric development.
Ecological profiles were first defined along the trophic gradient based on total phosphorus concentration for taxa determined at not less than species level and for taxa which occurred more than 25 times in dataset. These profiles were defined for each taxon by two values, the optimum and the tolerance. The values, representing the distribution of the taxon biovolume along the TP gradient, were calculated using the mean TP and the TP standard deviation for each taxon weighted by the taxon biovolume. This method is an adaptation of the weighted averaging method (ter Braak and van Dam, 1989) . Total phosphorus data were log-transformed. Optima and tolerances were scaled between 0 and 20 and between 0 and 3 respectively. Finally, a box-cox transformation (Box and Cox, 1964) was applied in order to obtain a normal distribution and give a better distribution of the scores along the whole range. Thus, optima and tolerances were named respectively "specific scores" and "stenoecy coefficients".
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Where B i : Biovolume of species "i" in mm The ecological status thresholds were defined from MCS EQR distribution on the reference dataset. The High/Good boundary was defined as the 25% quantile of the reference range according to Hering et al. (2006) . The 3 other boundaries were defined by dividing the rest of the range on the calibration dataset into 4 equal classes. Finally, they were rescaled by linear interpolation by equation 5, in order to obtain normalized EQR (MCS nEQR ) and to fall on the same linear scale as the MBA metric.
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Metric aggregation and index validation
The WFD requires an assessment of both abundance and taxonomic composition of the phytoplankton (European Parliament, 2000) . To provide an overall assessment of this biological element, the IPLAC index, is a linear combination of the two metrics in normalized EQR (section 2.3 and 2.4). All the values of the two metrics above 1 are brought back to 1 and all the exceptional values below 0 are set at 0 before aggregation. The best ratio to aggregate MBA and MCS was determined in order to optimize the correlation between IPLAC and total phosphorus. The better correlation (r²) was researched between IPLAC and TP by varying the ratio of the two metrics. Finally the IPLAC, over a range from 0 to 1, is obtained on the basis of equation 6.
The IPLAC ecological status thresholds are the same as the constitutive metrics with a linear scale:
High/Good 0.8; Good/Moderate 0.6; Moderate/Poor 0.4 and Poor/Bad 0.2.
To validate this assessment method, IPLAC was applied to the validation dataset (section 2.1), independent of the calibration-development dataset. with IPLAC and its 2 metrics. The response of IPLAC to the population density was studied at the watershed level after logarithmic transformation.
From a floristic point of view
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3.
Results and discussion
Characteristics of database content
The main physical characteristics of the datasets are summarized in Table 2 . The lakes sampled have a wide range of physical characteristics including lakes in plains and mountains, and lakes that were shallow, very shallow and deep from 0.8 m to 309.7 m depth. The different catchment areas vary from 0.37 to 10,484 km² for the general database with no significant difference between the calibration dataset and the validation dataset. Thus, the datasets used cover the whole diversity of the French territory and for the major parameters the ranges are comparable between the calibration dataset and the validation dataset. The chemical characteristics (Table 3) (Table 4) present wide ranges from watershed totally covered by agriculture to no agricultural area and from 0 to 100% of forest area. 
Optimum and tolerance
The metric MCS is based on the weighted averaging method using total phosphorus as a proxy of the trophic gradient. For each taxon of the calibration dataset an optimum and a tolerance, used as specific score and stenoecy coefficient, was calculated. A list of 165 indicative taxa was obtained (see 
the selected taxa have already been reported as indicator species in other indices (Marchetto et al., 2009 ), (Mischke et al., 2008) , .
The specific values of the list are consistent with the literature. Most cyanobacteria show low specific scores whereas Dinophyta show high specific scores. Nevertheless, some differences exist with other taxonomic lists used in other European indices. 72 taxa from the taxonomic list have a specific score for the index IPLAC but not for the TI index of Norway (Ptacnik et al., 2009 ). The latter is more dedicated to Nordic region with oligotrophic and mesotrophic lakes and IPLAC covers a broader gradient, which can explain a larger taxonomic list.
On the other hand, up to 62% of the taxa contributing to IPLAC also contribute to the PTSI German index (Mischke et al., 2008) depending of the lake types in which more species contribute (332 species). In both indices, species or infra-species are used. The choice of not using genera in MCS was made to provide a more precise ecological assessment as already done in the PTSI. The definition of specific score and stenoecy coefficient at species level are more precise because in genera some species can be ubiquitous and others specific to a small ecological range.
In comparison with the Brettum index (Wolfram et al., 2014) , the list of contributing taxa is more extended in the IPLAC. The Brettum has only 80 taxa taken into account for Austria. The lake types covered by the IPLAC are greater than for the Brettum which is applicable to Alpine types. In the Austrian method species and genus contribute to the index. This point differs with IPLAC in which only species, or infra-species, are used.
The detailed indicator list of the MCS (Appendix B) is sorted by increasing specific scores. The first part of the list is composed of taxa with low specific scores, corresponding to more eutrophic lakes.
These species belong mostly to the phyla of Cyanobacteria, Euglenophyta and some Chlorophyta which is comparable with the Italian index -MedPTI (Marchetto et al., 2009) . This is consistent with other literature which describes the cyanobacteria species, Microcystis aeruginosa Kützing in hydrosystems with high TP concentration usually eutrophic (Cellamare et al., 2007) , (Berrada et al., 2000) , (Joung et al., 2011) . Planktothrix agardhii (Gomont) Anagnostidis & J. Komárek is associated with water quality degradation in small lake (Silva et al., 2011) . Its presence is favored by increasing TP concentration from sediment resuspension (Mischke, 2003) . The same author describes In the last part of the MCS taxa list are placed species sensitive to the trophic elevation, essentially Heterokontophyta (Chrysophyceae), Dinophyta and part of the Bacillariophyta, as also done in the Brettum index (Wolfram et al., 2014) . Chrysophyceae are associated with cold and clear water and very low trophic status (Reynolds, 2006) . This algal group is interestingly not considered in the MedPTI index (Marchetto et al., 2009 ). This may be explained by the geographical distribution of this algal group poorly represented in the Italian reservoir and more specific of Nordic lakes (Ptacnik et al., 2009) (Wolfram et al., 2014) . Five species of the phylum Cryptophyta, cosmopolitan (Klaveness, 1988) and widely distributed in terms of latitude and trophic state (Reynolds, 2006) , belongs to this part of the taxon list.
IPLAC and the trophic gradient (TP)
The IPLAC was developed to reveal the trophic gradient of water bodies and especially the total phosphorus concentration. The two metrics MBA nEQR and MCS nEQR , were significantly correlated to the total phosphorus in the calibration and validation datasets (Table 5) . According to the dataset available, a good relationship can be observed (Table 5) in Hutorowicz et al. (2014) .
In terms of quality classes, the IPLAC showed a clear stepwise transition from high to bad status (Figure 3 ) along the trophic gradient (TP) on both calibration and validation dataset. Note that only one lake-year from the validation dataset was classified in bad status so the distributions in this class
were not comparable. The sites with low TP concentrations during the growing season were classified in high ecological status by the IPLAC. On another hand, the sites with high TP concentrations were classified as having a worse than moderate status. This classification can be observed for other assessment methods in Europe (de Hoyos et al., 2014; Hutorowicz and Pasztaleniec, 2014; Phillips et al., 2014; Wolfram et al., 2014) .
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IPLAC and other water chemistry parameters
To consolidate the IPLAC response to pressure, a correlation analysis between IPLAC and its metrics with several chemical parameters and Secchi depth was performed on both databases (calibration Author-produced version of the article published in Ecological Indicators, 2016, 69, 686-698. The original publication is available at http://www.sciencedirect.com/ doi : 10.1016/j.ecolind.2016.05.025 ©. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ and validation). It shows very strong Pearson correlations with Secchi depth, chlorophyll-a and total phosphorus (Table 6 ). For Secchi and TP, coefficients are higher with the final index, above the absolute value of 0.70, than with the separate metrics. The increase of the IPLAC index is clearly related to the increase of the transparency in the water body. With chlorophyll-a, as expected, the correlation is higher and strongest with the MBA alone, as a consequence of the construction of the metric. Secchi depth, chlorophyll-a and total phosphorus represent the trophic level of the water bodies for the OECD evaluation. Thus, these responses are compliant with the index goals even if the IPLAC results are not well distributed along the OECD trophic classification (paragraph 3.5).
Moreover, the IPLAC responded to nitrogen. This latter is the second most important parameter in the development of the phytoplankton community (Reynolds, 2006) Chlorophyll-a -0.83 *** -0.62 *** -0.89 *** 
IPLAC analysis along the OECD trophic gradient
We then compared IPLAC results to the widely accepted OECD trophic classification (1982) . The database available does not contain all the necessary parameters to define the trophic status for
Author-produced version of the article published in Ecological Indicators, 2016, 69, 686-698. The original publication is available at http://www.sciencedirect.com/ doi : 10.1016/j.ecolind.2016.05.025 ©. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ each lake-year, thus, this comparison was established on a reduce dataset (198 lake-years). In France, very few lakes meet the conditions of ultra-oligotrophy and our dataset only included one high mountain lake, Lac Bleu in the Pyrenees, as ultra-oligotrophic with an IPLAC value near 1. In the 4 other OECD trophic classes, the IPLAC ranges show that only "hyper-eutrophic" lakes have a bad status. All the OECD trophic classes have lakes of High ecological quality (IPLAC >0.8). Finally, the more eutrophic the lakes, the wider the IPLAC range. Cross analyses of IPLAC and watershed land use
To have a more general view of the IPLAC behavior towards anthropogenic pressure, watershed land use was studied (Kuhar et al., 2011 ) and compared to the IPLAC score and its two metrics. Pearson correlations between each watershed land use with IPLAC and its metrics were calculated (Table 7 ).
This analysis shows that IPLAC responds negatively to agricultural area (-0.60), intensive agricultural area (-0.47) and to the population density (-0.36). There is no clear difference between the response to intensive and to all agricultural areas. Moreover, IPLAC responded positively to the forest area and did not respond to artificial areas or wetlands. The two metrics independently responded in the same way as the index. Katsiapi et al. (2012) in Greek lakes, showed that cyanobacteria were closely associated with artificial and agricultural land use, and that Chrysophytes and Dynophyta were closely associated to area of forest. These observations are consistent knowing that cyanobacteria are the taxonomic group the most negatively influent on the IPLAC and, inversely, Dynophyta the most positively influent (regarding the taxa scores).
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Floristic analysis according to IPLAC ecological status
The IPLAC response to pressure can be analyzed more precisely through the distribution of absolute biovolumes and relative algal group biovolumes. The cyanobacteria biovolume and total Europe . IPLAC does not take the intensity of blooms (no special metric) directly into account as recommended by the WFD (European Parliament, 2000) . But the distribution of cyanobacterial biovolume along the IPLAC classes shows that the index already reflects the increase in algal biomass especially cyanobacteria blooms. Thus, it does not justify the use of an additional metric for blooms as in other European indices (Wolfram et al., 2014) . IPLAC is then fully WFD compliant.
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Euglenophyta is the least represented algal group in the different IPLAC classes, globally below 10%. 
Conclusions
The IPLAC index is a multimetric index, based on the phytoplankton community, resulting from the aggregation by weighted sum of two normalized metrics, the MBA or total Algal Biomass Metric and the MCS or Specific Composition Metric. The first metric is based on the average concentration of chlorophyll-a during the growing season, which is a good rating of the total phytoplankton biomass available in the water. The second is based on the sampled species composition expressed in biovolume. This index can be applied to all lakes, natural or not, located in the metropolitan territory
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The IPLAC responds to the trophic gradient in accordance with the WFD guidelines, and consistently with particularity of French water bodies. It is especially correlated to total phosphorus, chlorophyll-a and the Secchi depth, which are the main proxies for the trophic level. Good correlations are also available with the watershed land use, essentially agricultural area and forest area.
Nevertheless, some limitations in the use of IPLAC are evident. The mean depth is a building parameter of the index, thus, the response is certainly worse for reservoirs with high level intraannual fluctuations. Reference values can be strongly impacted in these cases. Moreover, IPLAC was developed on French territory. Its application in other country, essentially with different lakes' characteristics, would require precautions.
The taxonomic list for the MCS nEQR calculation has been purposefully reduced in order to keep only the ecological profile statistically valid. As a precaution, we recommend that evaluation in water bodies having very few taxa in the MCS list be considered as unreliable. Thus, we recommend the use of the index for taxonomic lists having at least five taxa in the MCS list. In order to have taxonomic lists at species level usable for the index, strong attention should be payed to the species determinations in the lab. It is essential, in case of bloom, to identify at species level, at least the dominant taxa.
Finally, IPLAC will be used by the French Ministry of Environment and the water agencies to evaluate lake ecological status (Ministère de l'environnement, 2015) with the biological quality element phytoplankton.
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Appendix A: Calculation procedure with equations of the total biomass metric (MBA)
Author-produced version of the article published in Ecological Indicators, 2016, 69, 686-698 . The original publication is available at http://www.sciencedirect.com/ doi : 10.1016/j.ecolind.2016.05.025 ©. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ The metric MBA depends on the relationship between "mean depth of the water body and concentration of chlorophyll-a". Thus the calculations are specific to each water body. Determine the other quality thresholds expressed in µg/l of Chloro-a. They are derived from the relationship between log(chloro in EQR) and log(TP) with the equations 4, 5 and 6. Transforming MBA EQR into normalized EQR (MBA nEQR ). The equations determined are unique to each "depth / chlorophyll-a" ratio. The logarithmic regression equation that exists between the thresholds MBA EQR , determined for the couple "depth / chlorophyll-a", and the normalized EQR must be determined.
Example for a water body:
Mean depth (Z): 18 m and Mean chlorophyll-a (Chloro mean ): 3.5 µg.l -1 reported in the Table 1 , 2 and 3. The logarithmic regression equation between tables 2 and 3 is equation 11.
= 0.3497 × ln + 1.0016 (Eq. 11) Table 1  Table 2  Table 3 Chloro mean 3. 
